Although, the exploration of Titan has only just begun, the questions of Titan's origin, history, surface conditions and especially its organic chemistry have increased enormously making it a among the most interesting bodies in the solar system. Sample return and human surface exploration would be able to answer many questions, but the velocity requirements for such missions readily exceed chemical propulsion capabilities. Completing such missions though is possible using bimodal nuclear thermal propulsion and in-situ propellant production. Titan's atmosphere consists primarily of nitrogen (98.6%) with the rest mostly methane and ethane. There actually is a high probability for hydrocarbon lakes near the poles. The surface also appears to be composed primarily of water ice. These are important to the manufacture of hydrogen as propellant for the return. Methane, and ethane, heated, using a nuclear reactor for power, in the presence of steam readily produces carbon dioxide and hydrogen. The hydrogen can be easily separated and stored for the return. Using the hydrogen produced, a nuclear thermal rocket can efficiently complete robotic sample return, and even piloted, missions. 
I. Introduction
n a popular book on astrobiology, Peter Ward states that it may be possible to send a piloted mission to the satellite Titan, orbiting Saturn, but the technology does not exist to return the crew 1 . Bimodal nuclear thermal propulsion though may just be able to perform the mission. Titan remains a fascinating body because of the prebiological compounds that apparently are present in large quantities on its surface. The Cassini mission now in orbit about Saturn, has performed several close fly-bys of Titan, and included a lander, Huygens, that returned data from the surface. This single mission has added significantly to our understanding of the Saturn system and, even more importantly, has made Titan one of the most interesting bodies within the solar system 2
II. Astrodynamics
. The early flyby missions by the Pioneer and Voyager spacecraft added to our knowledge of the Saturn system, but the Cassini mission has been responsible for the vast majority of the data gained on Titan. Using chemical propulsion the flyby missions of Pioneer and Voyager were considerably easier to perform than the orbital mission performed by Cassini. For a successful orbital Saturn mission, Cassini made extensive use of gravity assists to explore the Saturnian system. We will show that a piloted round-trip mission would be prohibitively expensive if it was limited to chemical propulsion, and gravity assists, as Cassini, Voyager and Pioneer were. However, nuclear thermal propulsion, with a specific impulse that is twice that of chemical propulsion, can complete a roundtrip robotic mission, and maybe even manned Titan surface missions using technology that exists today.
In the next section we estimate the performance requirements using standard astrodynamics calculations. The results of these calculations are then used to complete a rough comparison of propulsion alternatives. The problem for all near term possibilities remains the fuel for the return from the Titan surface. A solution is proposed in the next section, and this is followed by a possible piloted mission scenario.
Hohmann transfers will be used to estimate the performance requirements. The missions will start from low earth orbit (LEO) and proceed directly to an atmospheric entry and landing on Titan. The return will again be directly from the surface of Titan to an atmospheric entry at Earth. The planetary parameters that were used are from the References [3] and [4] and are summarized in Table 1 . Since we will only look at missions that use atmosphere entry to directly land on Titan there will be no need to perform a propulsive maneuver to rendezvous with Saturn. The speed with respect to Titan is important for the design of the atmosphere entry system. To find this, the entry speed into the Saturnian system must be found. We can use the conservation of angular momentum for the Hohmann transfer ellipse to get the speed at Saturn with respect to the Sun since (5) p V is 10.3 km/s. More accurate calculations using the restricted three body problem (Saturn, Titan and the spacecraft) 6 gives the same result. The orbital speed of Titan about Saturn is 5.6 km/s. If the entry into Titan's atmosphere occurs while the velocity vectors of Titan and the spacecraft are aligned then this leaves 5.7 km/s for the entry speed.
The atmosphere of Titan is similar in pressure (1.5 bars) and molecular mass (27.9 g/mole) to the Earth 7 , and, hence, the design of a direct atmosphere entry system should be about as difficult as re-entry from LEO. Of course, the size will be significantly larger. Note that the since the absolute temperature is lower on Titan the atmospheric surface density on Titan is higher than the Earth's.
The return from Titan must include the speed changes from the surface of Titan, and not from an orbit about Titan and hence is equivalent to the entry speed of 10.3 km/s with respect to Saturn.\. For the launch from Titan while Titan is moving in the same direction that the spacecraft must head, then we again require a speed change of 5.7 km/s. The total speed change over the entire mission then is about 13.0 km/s (7.3 km/s for Earth departure from LEO and 5.7 km/s for Titan departure from its surface).
Hohmann transfers provide a good estimate for the minimum speed changes required for impulsive maneuvers but also result in near maximum travel times. The Hohmann transfer ellipse to Saturn has a period of about 12.06 years and the stay time on Titan for proper alignment for the return is about 0.97 years. Hence the total trip time will be almost exactly 13 years 8
III. Propulsion Options
. This has important implications for piloted missions but is not a serious design problem for sample return missions.
The choice for the propulsion system is critical. Higher performance systems can greatly reduce the initial mass in low earth orbit (IMLEO) but have a higher technological risk. There is over forty years of experience with high performance chemical propulsion systems and they are considerably more reliable than in the 1960s. The best performance, to date, is that of liquid oxygen, liquid hydrogen systems which, in the Space Shuttle, can achieve a specific impulse of 455 seconds 9, 10 . In the early 1970s endurance ground testing of the NERVA nuclear thermal rocket (NTR) engine had been successfully completed 9, 10 . These rockets had a specific impulse a little less than 900 seconds. Today we estimate that the specific impulse could be increased to 950 seconds through the use of new high temperature fuels and materials. In our comparison we will also use gas core nuclear rockets as an advanced high thrust propulsion system. The specific impulse of a gas core rocket (GCR) will be taken as 1900 seconds 10 We are now in a position to estimate mass ratios for the each leg and the round-trip. Recall that the mass ratio, . Table 2 presents the resulting mass ratios. In Table 2 
MR , is given by
Using a mass ratio of 5.0 for a single stage rocket (again this it approximately the value for an energy optimum), Table 2 shows that a gas core rocket can readily perform the entire mission, while a nuclear thermal rocket will need one stage and a chemical rocket would require one stage out and one stage back. These results indicate that chemical rockets would be expensive to use for sample return missions, and since gas core rockets have never been tested their technological risk and development costs are still prohibitive. (Gas core nuclear rockets are also low thrust rockets.) The choice of nuclear electric remains, but, of course, an additional high thrust rocket must be provided for departure from the surface of Titan. This would mean the development of two completely separate propulsion systems and, hence, cannot compete with bimodal nuclear thermal propulsion which, of course, can provide all of the propulsion and power needs. Note also that the energy optimum speed change, v opt
IV. Hydrogen Generation
, is closest to the performance of the nuclear thermal rocket
The return from Titan adds a significant speed change, but the propellant for the return does not need to be carried to Titan. The Titan atmosphere can maintain a significant fraction of methane which is typically about 1.4% but can range up to about 5-6% at the surface 7 , with the remainder nitrogen. Also the surface contains a significant amount of ice.
Methane conversion into hydrogen has been the subject of considerable research as a part of a possible source of a hydrogen in a hydrogen fuel economy 12, 13 . Three choices will be considered: 1) electrolysis of water to make hydrogen and oxygen, 2) heating methane to a temperature of 1500 K where it will decompose into carbon and hydrogen 15 , and 3) heating methane and water to produce a mixture of hydrogen and carbon dioxide 16, 17 . We can see that if we optimize the total mission energy that bimodal NTR appears to be ideal. The reactors used in the nuclear thermal rockets can readily produce temperatures of 1500 K 14 . Hence, both ice and methane can provide the hydrogen fuel needed for the return. For piloted missions hydrogen production will be critical to its success. In order to increase the probability for mission success a factory, with a surface habitat, could be sent about fifty weeks ahead of the piloted mission (i.e., the previous Hohmann launch opportunity). Upon its arrival at Titan it could be set into operation and its status used to decide if the crew should land on Titan, or use gravity assists, with Saturn and its satellites, for a fast free return to Earth.
All manufacturing techniques considered will have to include a refrigeration and storage system. Titan has a relatively low surface temperature (95 K
18
) and liquid hydrogen needs to be stored below about 20 K. Hence, the system will not have to reject as much heat as on the surface of the earth and the system will have a lower temperature sink to reject the heat into. Since the factory will be autonomous an effective storage system will be required. Recently Plachta, et al 19 
A. Production of Hydrogen from Water Ice
, have proposed a zero boil-off cryogenic system for space missions that appears to be ideal for the return leg.
The surface of Titan appears to consist of "dirty" water ice 20
B. Direct Hydrogen Production from Methane
. The ice can be used as a source for hydrogen by using the reactor to electrolyze the water. The oxygen can be collected for supplies, but most would be rejected. Unfortunately, contaminants would have to be removed, possibly by distillation, but the solid material remaining would have to be removed automatically. This is a significant but not insurmountable complication.
Hydrogen can be generated by heating methane to produce carbon and hydrogen or acetylene and hydrogen, that is
(9b) Reaction (9a) can be completed using microwave and will produce copious amounts of hydrogen 21 , but will also produce many other ingredients including carbon soot 21 . A similar conclusion should hold for reaction (9b), and again for both reactions the manufacturing unit would have automatically remove solid products (i.e., the carbon soot) produced.
C. Hydrogen Production without Carbon from Methane
The soot produced in reactions (9a) or (9b) can be removed by heating the methane in the presence of water (i.e., steam produced from surface ice) by reactions (10) 
Hydrogen would have to be separated from the other gases. Diffusion through a palladium membrane 17 could be used to separate the hydrogen. The reactions would again produce other species including some carbon soot and residue from the water ice, but the efficiency should be high A mission scenario can consist of three launches from LEO. The first would be the launch of the factory and the return supplies one synodic period (about 378 days) before the launch of the crew. The operation of the factory could then be monitored on the surface of Titan for about one year before the crew would attempt a landing. The launch of the crew with a duplicate factory and the outbound supplies would then proceed after a successful launch of the factory. The crew would launch with a duplicate unpiloted spacecraft containing a factory and return supplies. If the original factory fails to produce fuel, then the crew would have the option of using a free return trajectory after a transfer of the supplies from the second robotic spacecraft. The duplicate factory would then land on Titan to be used in the next mission attempt. The crew could decide to land if the first factory fails and if there is high confidence one of the two other factories will produce the return fuel. After the crew lands they can choose between the various factories and supply depots set up. Hence even after launch there would be many choices to help insure mission success, including a duplicate vehicle for the return. The first launch would require the two extra vehicles, but after the first mission only one extra vehicle would be required since an operational factory would always be present on the surface, with a new one or two left behind after each mission.
It should also be noted that the factories will be able to produce excess fuel that could be used to rendezvous with, and even land on, other moons of Saturn if suitable extra equipment is provided.
Using reference 9 as a guide we can get a very rough estimate for the dry initial mass in LEO (IMLEO) of about 250 metric tons for a crew of four to Titan. Using a NTR this means a total mass including propellant of 550 tons per vehicle. The International Space Station is about 300 metric tons. Recall that there are three vehicles on the first mission and two for each succeeding mission. Obviously piloted missions would be very\expensive, but feasible while robotic sample return missions are readily achievable.
VI. Conclusion
Titan's unique surface characteristics make it of immense scientific interest, and it is these surface characteristics that also make it possible to complete robotic and piloted round-trip missions efficiently from low earth orbit. Bimodal nuclear thermal rockets are clearly the best choice for the propulsion system. Nuclear thermal rockets have already been tested and they more closely match the energy optimum for round-trip missions than other propulsion systems. Bimodal .nuclear thermal propulsion can not only provide the power required for the entire mission but it can also be used to process the surface constituents to produce propellant for the return trip. Nuclear thermal rockets also have a sufficient thrust to mass ratio to lift off from the surface of Titan which electric propulsion systems cannot provide.
The organic compounds on the surface are not only of scientific importance (for determining the first steps in the origin of life on Earth), but they also provide the necessary constituents for the propellant for a return trip. The production of propellant on the surface will provide a considerable reduction in the total mission mass, but this gain will be countered by a significant increase the mission risk. The risk can be decreased by increasing the launch mass in low earth orbit through the use of three identical spacecraft, on the first mission, and two on each succeeding mission. This increase in mass is still much less than the increase in mass required if the return propellant is carried from LEO.
Much work still needs to be done. There is an immediate need for accurate mass estimates and the examination of alternate faster trajectory options. Cosmic radiation exposure for a piloted mission will require a significant development program and adequate artificial gravity should be provided for multi-year missions..
